The change in water quality in small water systems is strongly affected by sediment particles. Their transport, deposition and re-suspension due to variability in water demand has a significant impact on the change in water quality. Two significant mechanism of deposit transport and deposition i.e. turbophoresis and turbulent diffusion have been described in the literature. The paper presents the mechanisms of turbophoresis and turbulent diffusion. These phenomena have an impact on the quality of water in small water systems. The aim of the study is to propose procedures of identifying areas of mechanism of particle movement and their accumulation in small water system networks. Simulation of the flow of small water-pipe network at Niewiesz was used for the study. That water pipeline is situated in the central Poland. Many rural areas in Poland have a similar architecture. Modeling of movement of contaminant in close wall areas in pipelines is presented. The article presents the discussion concerning the areas where the mechanisms of turbophoresis and turbulent diffusion occur in the transport of solid particles in water supply systems. The relations between deposition and transporting of particles in turbulent flows depend on a number of parameters, including: particle size, localization of particles in the pipe (at given time), as well as the turbulence of flow. These parameters change depending on the water demand. The type of these changes depends on pipe diameters, material from which the pipes and the fittings are made, water demand and initial quality of water.
Introduction
Water transported in water supply systems is very susceptible to all changes in water intake, as well as the processes of deposition and lifting from the pipeline walls the deposited particles transported with the flowing water. The most prevalent contaminants in water transport processes in pipelines are hydrated iron compounds and sand particles [1] [2] [3] . Transport and deposition of particles in pipelines is a very complex process. This results from the effects of many forces acting on flowing particles and from the complexity of the turbulent flow. An additional difficulty in modeling of contaminants transport in pipelines is 1 Department of Chemical Engineering, Faculty of Process and Environmental Engineering, Lodz University of Technology, ul. Wólczańska 213, 90-924 Łódź, Poland, phone +48 692 566 486, fax +48 42 636-56-63 the extended structure of the water-pipe network and daily as well as seasonal variability of water intake.
Recently authors [1, 2, 4] have described two significant mechanisms of deposits transport and deposition, ie turbophoresis and turbulent diffusion. These mechanisms contribute to the change of water quality through transport of deposits particles. Therefore, it is of the utmost importance define them and determine their scopes of their occurrence.
Turbulent diffusion arises from the transport of local difference in concentration of contaminants by eddies, similarly to the transport of the momentum by the same eddies. Turbulent diffusion is significant when the particles inertia is low, as compared to viscosity forces transporting the particle in the flow and at a low turbulence of the flow. The process is by a few orders of magnitude more intense than molecular diffusion [1, 5] .
Turbophoresis, from the point of view of the behavior of deposits in water supply system seems to be an equally important mechanism. It is defined as a mechanism of particles transport in the pipe during the turbulent flow [5] . This mechanism transfers the particle from the boundary of the transition layer into the areas of lower turbulence -mainly those close to the laminar sublayer and then deposits the particles on the pipe wall. The turbophoresis mechanism is influenced by a number of forces affecting the particles while they are transported. The result of the forces initiated by the eddies occurring in the turbulent flow is particles deposition on the whole surface of the pipe cross-section [1, 2, 6, 7] . It seems that knowing and understanding the mechanisms of the transport of contaminants particles flowing in water supply systems may contribute to improvement of the quality of transported water and maintenance of the pipeline's technical condition. Therefore, the aim of this study is to determine the areas and boundaries of the transport mechanisms (turbophoresis and turbulent diffusion) as exemplified by the small water-pipe network.
Forces affecting the particles transport mechanisms
To describe the mechanisms affecting the contaminants transport in the pipeline we should consider the forces affecting the particle in connection with the turbulent flow structure, and also determine the particle's velocity. Most of the flows in water-pipe are represented by turbulent flows. The particle in the water turbulent flow is affected by the following forces: inertial, gravitational, Saffman, Magnus, resistance of the medium, Brownian force, Basset force, as well as the virtual mass effect (this effect should be considered in the particle flow in fluids). The Basset memory force may be omitted [1, 8, 9] . The particle movement direction depends also on local eddies occurring in the flowing water, particle size and direction of rotation on its axis. The schematic effects of the above mentioned forces on the particle is presented in Table 1 .
The Magnus force is a result of the particle rotation in relation to the surrounding liquid. We should herewith consider several cases of the particle rotation velocity. If the rotation velocity is lower than the local velocity of liquid, the Magnus force directs the particle towards the pipe wall. When the rotation velocity is higher than the local velocity, this force directs the particle to the flow core. The Magnus force is determined from the relation [8, 10] : The Saffman lift force arises from the difference in the velocity of water under and over the particle. The Saffman force is more important for particles characterized by greater inertia. Furthermore, the direction of this force depends on the velocity difference in relation to the moving particle and the fluid which surrounds it. When the particle velocity is higher than the liquid velocity, the Saffman force lifts it towards the pipe wall. Similarly to the situation, when the particle velocity is lower than the liquid velocity, the particle will be lifted to the pipe axis. The factors decisive of the influence of the Saffman force on particles movement in the pipe are: the particle's considerable inertia and perpendicular gradient of velocity between the liquid and particle. The Saffman force may be described by the formula [11, 12] :
where µ w -dynamic viscosity of water [Pa s]. The resistance force assumes the following form [8] :
where
The virtual mass effect causes an increase in the particle inertia as well as a virtual increase in the particle mass. This phenomenon is caused by viscosity forces active in the boundary layer between the particle and fluid. This effect can virtually increase the particle mass and inertia to as much as 50%. It is also important that the virtual mass phenomenon is negligible in the flow of fluid with lower density, for example air. However, this effect must be considered while analyzing the flow in water [13, 14] .
For submicron particles the effect of Brownian force becomes significant. The Brownian force is described by the formula:
where: G i -zero-mean, unit variance independent Gaussian random numbers, S 0 -Gaussian white noise random process with a spectral density, ∆t -the time step used in the simulation.
The Brownian force n i (t) is modeled as a Gaussian white noise random process with a spectral density S 0 given as [15] :
S -particle-to-fluid density ratio, C c -Stokes-Cunningham slip correction factor. Stokes-Cunningham slip correction factor is determined by the formula:
Analysis of the above presented forces (Saffman force, Magnus force, the force of the fluid resistance and Brownian force) allows to determine the dominance boundaries of the mechanisms of turbophoresis and turbulent diffusion for particles transport in water flowing in the pipeline.
Turbophoresis and turbulent diffusion
The determination of the boundaries of the effects of the above mentioned transport mechanisms of particles in pipelines would not be possible without determining the particles relaxation time. The particles relaxation time τ p is represented by the relation between inertia and friction force. It indicates the time the particle needs to adjust its movement trajectory to changing flow conditions. This value may be calculated from the formula proposed by [4] :
where:
Kn -the Knudsen number which indicates the ratio of the mean free path length to the particle size. For particles flow in water the virtual mass effect should be taken into account. With this aim, density ρ p in Eq. (7) should be replaced by the expression (ρ p + 0,5ρ w ). According to [1, 4] , for turbophoresis phenomena occurring in water the Knudsen number in Eq. (7) is negligible [1, 4, 14] . Taking into account above considerations, Eq. (7) assumes the following form:
Basing on relaxation time -Eq. (8), the form of dimensionless relaxation time may be defined and then the range of effects of transport mechanisms (turbophoresis and turbulent diffusion) can be described [4, 6, 16] :
Dynamic velocity is determined as follows:
-friction factor. For the dimensionless relaxation time -τ p + < 0.2 the dominant particle transport mechanism is the turbulent diffusion. The transition area, for which 0.2 < τ p + < 20, is characterized by changing particle transport mechanisms. The dimensionless relaxation time τ p + > 20 indicates that the dominant mechanism of particle transport is turbophoresis. From the practical point of view, it is important to know the value of the dimensionless distance from the pipe wall y + , for which the discussed mechanisms of deposits transport are observed. These mechanisms occur mainly in the areas close to the wall. As has been mentioned before, the area under significant impact of turbophoresis and turbulent diffusion occurs for dimensionless distance y + < 40 [4] . The dimensionless distance from the pipe wall is defined by equation: (9) we obtain the following form of the formula describing the effects of turbophoresis and turbulent diffusion depending on the transported particle diameter: (12), the diameters of particles susceptible to the effects of turbulent diffusion and turbophoresis may be determined.
Modeling the particle velocity
It is a very complex process to estimate the particle velocity in the surrounding liquid. The difference of velocity ∆v is a key parameter required for the determination of the forces affecting the particle transport mechanisms. The difference between the velocities decides about transport mechanism of particles in water pipelines:
where: u -velocity of the liquid surrounding the particle [m/s],
The difference in velocity between the particle and surrounding liquid occur at the same time in Eq. (1) describing the Magnus force and in Eq. (2) defining the Saffman force.
The mechanisms controlling the particles movement in the area close to the wall comprise of particle lifting values by y + from the laminar sublayer to the buffer zone and decide about depositing or lifting of particles. Taking into account definition of following forces (Saffman, Brown, resistance of the medium, virtual mass effect), Tian and Ahmadi proposed Eq. (14) which is the description of particles motion in the fluid flowing through the pipe [18] . Due to the size of particles occurring in pipelines, Brownian force may be omitted [4] . The Magnus force is by several orders of magnitude lower than the Saffman force value, so it is negligible. The Magnus force importance is noticeable only for larger particles in areas close to the wall (area y + < 5), but even then it affects the transport mechanisms insignificantly. Equation (14) 
The Reynolds number is determined by equation:
Exemplary calculations
Simulation of the flow of small water-pipe network at Niewiesz was used for the study. That water pipeline is situated in the central Poland. Many rural areas in Poland have a similar architecture. The pipes are made of PVC material and have a diameter from 90 to 220 mm. Presented water system is typical for small cities and rural areas, therefore it is important to evaluate transport mechanisms of contaminant particles.
For water intake at Niewiesz the maximum daily water intake was registered in August 2002 in the amount of 483 m 3 , whereas the minimum one -in January 2000, amounting to 33 m 3 . According to the data, appropriate values of daily inequality coefficients were determined. It appeared that for the water-pipe network at Niewiesz it amounted to 1.39. The hourly variability of water demand was described using the histogram presented in Figure 1 [19] . According to [1] diameters of deposited particles were assumed within the range from 5 to 100 µm, whereas the density of hydrated particles of iron -1200 kg/m 3 . Calculations were made according to the simulation based on program EpaNet 2 [19] . EpaNet is a computer program developed by EPA Water Supply and Water Resources Division, which may be optionally copied and disseminated (which is public domain software). This program was created to facilitate the improvement of the hydraulic system effectiveness, thereby improving the quality of water supplied to the consumer through the distribution network. The Hybrid node-loop method was used [19] to solve the flow continuity equations in EpaNet program. Figure 2 presents a diagram of the analyzed network and flow velocity in individual pipes, for the hour of maximum water demand (8:00 AM). As can be seen the flow rate in each section varies from 0.03 m/s in the low demands areas to 1.5 m/s in the main conduit network. For the lower water demand the flow velocity will be much lower. In Figure 2 pipe numbers correspond to the tubes of each pipelines. The ranges of velocity occurring in the hour of maximum water demand are presented in the Figure 2 . The calculations or particles velocities in water network system were done for chosen five pipes: pipe 1, 2, 6, 10, 11 (indicated in Figure 2 ). Parameters of those pipes are presented in Table 2 . The iteration method was used for determination of particles velocity. Calculation of mean water velocities (at the maximum water demand hour 8:00 AM, mean water demand hour 6:00 AM and for the minimum water demand hour 2:00 AM), assumed particle diameter equal to 50 µm, were done. The figures presented a statement drawn up for several pipes from Niewiesz water-pipe network for simulation hours 8:00 AM, 2:00 AM, and the mean daily water demand hour 6:00 AM.
Figures 3 to 5 present the particles velocities and local water velocities in the area close to the wall and transition zone, ie for y + < 40. Particles velocity is higher by approx. 10 to 20%, as compared to the fluid local velocity. For the hours of increased flow, the particle velocities are similar to local velocities in the flow. For the minimal flow presented in figure  3 , the water flow was registered only in a part of the pipes because of very low water demand. There is no flow at the minimal water demand hour for pipes 1 and 2. It is worth nothing that the dimensionless distance y + corresponds to the different value of dimensional distance y depending on the liquid flow velocity U. At insignificant flow velocities the turbulent diffusion area may comprise the pipe's entire cross-section. The distance of the mentioned mechanisms changes due to the changing velocity of the flow y + = 40 occurs at close distance from the wall for flows characterized by high velocity.
The particle velocity determined in this way allows determining the forces affecting the transport mechanisms: turbophoresis and turbulent diffusion. We should notice that correctness of calculations will be satisfactory for areas close to the wall. Therefore, at insignificant velocities of the flow the turbulent diffusion area may cover almost the whole cross-section of the pipe.
Localization of turbulent diffusion and turbophoresis in water system network
Having the defined parameters, i.e. the particle velocity v and dimensionless relaxation time τ p + , we may determine which transport mechanism at a given place is most significant for a small water supply system. Analyzing the hour of maximum water demand (8:00 AM), we may state that the dominant transport mechanism is the turbulent diffusion, however for several pipes occur a transition area Figure 6 presents the particle's dimensionless relaxation times for average velocities for the hour of the greatest water demand. The calculations were performed for particle diameters d p = 25, 50 and 100 µm. The straight line in Figure 6 is the border between the transport mechanisms of particles in the pipeline. The dominating transport mechanism of particles is represented by turbulent diffusion below this boundary line whereas a transition region between turbulent diffusion and turbophoresis occurs above it. For particles with diameter larger than 50 µm, the transition area is achieved already with low flow velocities, however for small particles even at high velocities the turbulent diffusion remains the main transport mechanism. Concluding, we can expect that deposition of particles will occur mainly in the lower half of the pipe's cross-section. The turbophoresis seldom appears in case of the maximum intake hour for the maximum hour water demand and finally, we can say that for hours and days of lower intakes it will not occur at all. Fig. 6 . Relaxation times for particles respective diameters dp and pipe diameter
As can be seen in Figure 6 the occurrence of transition area for small particles is virtually impossible even at high flow rates. For small water supply systems, particles with diameter d p < 25 µm will be transported by turbulent diffusion. Particles with small diameters undergo the turbulent diffusion process even at higher flow velocities. Particles with a diameter d p = 50 µm will enter the transitional region at velocity of about 0.7 m/s, which occurs rarely in real water flow in the pipe. However, for large particles with diameter d p = 100 µm transition zone is obtained at relatively low flow velocities. This may result from the particle's greater inertia. Concluding, for small water system networks, the main transport mechanism is the turbulent diffusion.
Conclusions
The article presents the discussion concerning the areas where the mechanisms of turbophoresis and turbulent diffusion occur in the transport of solid particles in water supply systems. The observations made herein indicate that the relations between deposition and transporting of particles in turbulent flows depend on a number of parameters, including: particle size, localization of particles in the pipe (at given time), as well as the turbulence of flow. These parameters change depending on the water demand. The type of these changes depends on pipe diameters, material from which the pipes and the fittings are made, water demand and initial quality of water. The possibility to characterize the contaminant particles behavior in the turbulent flow is important for predicting the areas where deposits may be deposited or lifted, and then for effective planning of periodical flushing of the pipeline. We should be aware of the existing difficulties in the description of the mechanisms of contaminant particles transport in pipe water. They include: availability of daily and seasonal distributions of water demands, precise analysis of the type and size of particles as well as the difficulties in the turbulent flow modeling. Therefore, the description of the mechanism of contaminant particles transport presented in the article seems to be very useful for the description of these phenomena in small water-pipe networks, because the adopted calculation methods yield satisfactory precision within the low turbulence flows, ie the flows which usually occur in small water-pipe networks.
